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Control o f A ggregation and Tuning o f the Location o f  
Porphyrins in  Synthetic Membranes as Mimics for
Cytochrom e P450
A. P. H. J. Schenning, D. H. W. Hubert, M. C. Feiters,* and R. J. M. Nolte*
D e p a r tm e n t  o f  O rg a n ic  C h e m is tr y , N S R  C en ter, U n iv e r s i ty  o f  N ijm e g e n , T o ern o o ive ld , 
6 5 2 5  E D  N ijm e g e n , T h e  N e th e r la n d s
R e c e iv e d  J u n e  19, 1995. I n  F in a l  F o rm : D e ce m b e r  9, 1 9 9 3 s
T he ag g reg a tio n  a n d  location  of tw o se rie s  of te traa ry lp o rp h y rin s  in  positive ly  an d  neg ativ e ly  charged  
b ilay e rs  h av e  been  exam ined . A ggregation  of th e  p o rp h y rin s can  be  reduced  b y  in tro d u c in g  p y rid in iu m  
groups on  th e  po rp h y rin  ring . In  th e  positively  charged  b ilayers, th e  degree of ag g reg a tio n  of th e  po rp h y rin s 
in c reases  w ith  th e  n u m b er of ch arg es on it. T he opposite b ehav io r is found  in  th e  case  of negatively  
ch arg ed  b ilayers . All th e  ch arg ed  p o rp h y rin s  form  face to  face type  a g g reg a te s  w h e rea s  th e  u n ch arg ed  
ones form  edge to  edge type  ag g reg a tes . R eduction  of ag g reg a tio n  can  also be  ach ieved  by u s in g  “picket- 
fence” ty p e  p o rp h y rin s w hich  form  h e ad  to  ta i l  ag g regates. T he location of th e  p o rp h y rin s in  th e  b ilay er 
is a lso  inv estig a ted . T he ch arg ed  p o rp h y rin s  a re  located  n e a r  th e  aqueous in te rface  a n d  th e  u n ch arg ed  
ones in  th e  hydrophobic p a r t  of th e  b ilayer. P icket-fence p o rp h y rin  7 w as found  to be th e  m ost p rom ising  
can d id a te  for be ing  s tu d ied  a s  a  c a ta ly s t in  cytochrom e P450 m im ics.
I n t r o d u c t i o n
P o r p h y r in s  p la y  a n  im p o r ta n t  ro le  in  b io lo g ical p ro ­
c e sse s , e.g., s u b s t r a t e  o x id a tio n  r e a c tio n s  a n d  c o n v e rs io n  
of l ig h t  e n e rg y  in to  c h em ica l e n e rg y . 12 A s p a r t  o f  o u r  
r e s e a r c h  p ro g ra m  d e a lin g  w i th  m o d e l s y s te m s  fo r  th e  
m e m b ra n e -b o u n d  e n z y m e  s y s te m  c y to c h ro m e  P 4 5 0 , w e 
a r e  in te r e s te d  in  th e  c a ta ly t ic  p ro p e r t ie s  o f  p o rp h y r in s  
lo ca ted  in  b i la y e rs .34 T h e  a c tiv e  c e n te r  o f cy to ch ro m e P 4 5 0  
c o n ta in s  a n  iro n  p o rp h y r in  w h ic h  is  in v o lv e d  in  oxy g en  
b in d in g  a n d  s u b s e q u e n t  a c t iv a t io n . 1 I n  th e  d e v e lo p m e n t 
o f a  m e m b ra n e -b o u n d  m im ic  fo r t h is  e n zy m e , i t  is  
im p o r ta n t  to  e v a lu a te  th e  a g g re g a tio n  p ro p e r t ie s  a n d  th e  
lo c a tio n  o f p o rp h y r in s  w i th in  m e m b ra n e s .  I t  h a s  b e e n  
fo u n d  p re v io u s ly  t h a t  a g g re g a tio n  c a n  re d u c e  th e  c a ta ly t ic  
e ffic ien cy  o f a  p o rp h y r in ,  w h ile  i t s  lo c a tio n  in  th e  
m e m b ra n e  c a n  d e te rm in e  i ts  s e le c tiv i ty .5,6
W e a re  u s in g  tw o  s t r a te g ie s  to  p re v e n t  p o rp h y r in s  fro m  
a g g re g a tin g  in  o u r  m e m b ra n e -b o u n d  cy to c h ro m e  P 4 5 0  
m im ic .4 T h e  f i r s t  is  th e  u s e  o f  s te r ic a l ly  e n c u m b e re d , so- 
c a lle d  “p ic k e t-fe n c e ”, p o rp h y r in s .7 T h e  seco n d  is  th e  
in c o rp o ra tio n  of p o s itiv e ly  c h a rg e d  p o rp h y r in s  in  n e g a ­
t iv e ly  c h a rg e d  v esic les . B e c a u se  of e le c tro s ta tic  in te r a c ­
t io n s , th e s e  p o rp h y r in s  w ill p re fe r  to  b e  s u r r o u n d e d  by 
th e  n e g a tiv e ly  c h a rg e d  a m p h ip h ile s  r a th e r  t h a n  by  o th e r  
p o s it iv e ly  c h a rg e d  p o rp h y r in s .
T h e  lo ca tio n  w ith in  th e  m e m b ra n e  c a n  b e  tu n e d  b y  u s in g  
c h a rg e d  a n d  u n c h a rg e d  p o rp h y r in s  a s  w e  h a v e  sh o w n  
e ls e w h e re .8 C h a rg e d  p o rp h y r in s  a re  p re fe re n tia lly  b o u n d  
n e a r  th e  s u r fa c e  o f th e  b ila y e r, w h e re a s  u n c h a rg e d  o n es  
a re  lo c a te d  in  th e  c e n te r  o f th e  b ila y e r.
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C h art 1
1: R1=R,*B|«R4 = —^  -^OCiaHp 
^ R^ R^ R^ — OCibHk R4*—
3: Ri 3 Rj = — ^  R j3 R** — ^  \ f-MaTo»
Ri ~ —<^~^~OCn>Ma3 R, = R,«=R4 =—^  W^*-MeTo»'
CijHjiC(0)0.
9: R^  = Ra* Rj = R4 ■ — ^
CisHsi C(0)0
T o d a te  th e  a g g re g a tio n  a n d  lo ca tio n  p ro p e r t ie s  o f o n ly  
a  l im ite d  n u m b e r  o f p o rp h y r in s  in  b i la y e rs  h a v e  b e e n  
in v e s tig a te d . T h e  s tu d ie s  r e p o r te d  so fa r  a r e  a im e d  a t  
m im ic k in g  p h o to s y n th e tic  p r o te in s .9-13 I n  t h i s  p a p e r  w e  
re p o r t  on  th e  lo c a tio n  a n d  th e  a g g re g a tio n  p ro p e r t ie s  of 
n in e  p o rp h y r in s  ( C h a r t  1) in  s y n th e tic  s u r f a c ta n t  v e s ic le s  
d e r iv e d  from  p o s itiv e ly  c h a rg e d  d io c ta d e c y ld im e th y la m - 
m o n iu m  ch lo rid e  (D O D A C) a n d  n e g a tiv e ly  c h a rg e d  di- 
h e x ad e cy l p h o s p h a te  (D H P) a m p h ip h i le s . 14
E x p e r i m e n t a l  S e c t i o n
In s t r u m e n ta t io n .  ]H  NMR spectra  were recorded on a 
B ruker WH90 (90 MHz) or a  B ruker AM400 (400 MHz) 
spectrom eter, a t  room tem p era tu re . Chemical sh ifts are  given 
in  ppm  downfield from tetram ethy lsilane . Abbreviations used
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n74^ _74G^ /Qfi/9A1 9.1 =579*1 9 DD/D <© 1 QQ£ AmoHrsn rhomirol
are  s =  singlet, d  =  doublet, t  =  trip le t, m =  m ultiplet, and  b =  
broad. Infrared  and  UV—vis spectra were obtained w ith a  Perkin- 
E lm er 298 and  a therm o sta ted  Perkin-E lm er Lam bda 5 
spectrophotom eter, respectively. Fluorescence spectra  were 
m easured w ith  a  therm ostated  Perkin-Elm er M PF 4 fluorospec- 
trom eter. T ransm ission electron microscopy was carried out w ith 
a  Philips EM 201 microscope. EPR  spectra  were recorded on a 
B ruker E SP 300 spectrom eter, equipped w ith a  Oxford flow 
cryostat.
M ateria ls. For th e  p repara tion  of th e  vesicles absolute 
ethanol, distilled tetrahydrofuran, and deionized w ater were used. 
DODAC w as prepared  from DODAB (Af.AT-dioctadecyl-AW- 
dim ethylam m onium  bromide) by ion exchange chrom atography .8 
DHP, tris(hydroxym ethyl)am inom ethane (Tris), 4-pyridinecar- 
baldehyde, m ethyltosylate, and  pyrrole were purchased from 
Aldrich. Pyrrole was freshly d istilled before use. Thin-layer 
chrom atography (TLC) w as perform ed on precoated F-254 plates 
and  column chrom atography using basic alum ina and silica 60H 
(from Merck).
5 .10.15.20-Tetraphenylporphyrin (6 ), 5,10,15,20-tetrakis(2,6- 
dichlorophenyl)porphyrin (7), and 5,10,15,20-tetrakis(2,6-dihy- 
droxyphenyl) porphyrin (8) w ere prepared according to lite ra tu re  
procedures . 15-17 4-(Hexadecyloxy)benzaldehyde was prepared 
as described in th e  lite ra tu re . 18
S y n th e sis  o f  P o rp h y r in s 1 -5 .  Freshly distilled pyrrole (4 
mL, 57 mmol) w as slowly added under stirrin g  to  a  solution of
4-(hexadecyloxy)benzaldehyde (5.1 g, 14 mmol) and 4-pyridin- 
ecarbaldehyde (4.5 mL, 42 mmol) in 240 mL of refluxing propionic 
acid. Refluxing w as continued for 2 h, w hereafter th e  propionic 
acid was evaporated, and  th e  resu lting  solid was adsorbed on 
alum ina. A m ix ture  of porphyrins w as isolated by flash chro­
m atography (alum ina, e luen t C H C I3). W ith subsequent column 
chrom atography (silica, e luen t CHCij/MeOH, 99.5/0.5) six frac­
tions were obtained which could be identified as 5,10,15,20(4- 
(hexadecyloxy)phenyl)porphyrin (1) (/v (Cl K 'b'M cOl 1.95/5 v/v) 
=  0.95), 5-(4-pyridyl)-10,15,20-tris(4-hexadecyloxy)phenyl)por- 
phyrin  (Z?f(CHCla/MeOH, 95/5, v/v) =  0.90), 5,15-bis(4-pyridyl)-
10,20-bis(4-(hexadecyloxy)phenyl)porphyrin (/?r(CHCl;i/MeOH, 
95/5, v/v) =0.65), 5,10-bis(4-pyridyl)-15,20-bis-(4-(hexadecyloxy)- 
phenyl)porphyrin (Rf  (CHCla/MeOH, 95/5, v/v) =  0.45), 5,10,- 
15—tris(4-pyridyl)-20-(4-(hexadecyloxy)phenyl)porphyrin (Rf 
(CHCls/MeOH, 95/5, v/v) =  0.25), and  5,10,15,20-tetrakis(4- 
pyridyl)porphyrin (Rf  (CHCVMeOH, 95/5, v/v) =  0.05).
5 .1 0 .1 5 .2 0 -T e tr a k is  (4 -( h e x a d e c y lo x y )  p h e n y l)  p o r ­
p h y rin  (1). Yield: 220 mg (1.0%). 'H-NM R (90 MHz, CDC13) 
<5: 8 .8  (s, 8 H, /3-pyrrole), 8.0 (d, 8 H, phenyl), 7.2 (d, 8 H, phenyl),
4.2 (t, OCH2), 2 .2 -1 .1 (b, 126H, CH2), 0.9 (t, 12H, CH3), -2 .5  (b, 
2H ,N H ). FAB MS (m atrix, nitrobenzyl alcohol): rn!z=  1351 (M 
-C ieH ss). UV—vis (CH2CI2) A/nm, (log(e/M- 1,cm -1)): 421(5.6), 
518 (4.2), 555 (4.1), 593 (3.7), 650 (3.9).
5-(4-Pyridyl)-10,15,20-tr is(4-(h exad ecy loxy)phenyl)p or- 
p h yrin . Yield: 430 mg (2.3%). ’H-NMR (90 MHz, CDC13) <5:
8 .8  (m, 2H, pyridyl, 8 H, /¡-pyrrole), 8.0 (m, 2H, pyridyl, 6H, 
phenyl), 7.2 (d, 6 H, phenyl), 4.2 (t, 6 H, OCH2), 2 .1 -1 .1 (b, 84H, 
C H2), 0.9 (t, 9H ,C H 3), - 2 .5  (b, 2H, NH). U V -v is  (CH2C12) A/nm, 
421, 519, 554, 592, 649.
5 ,15-B is(4-p yrid y l)-10 ,20-b ls(4-(hexadecyloxy)p henyl)-  
p orp h yrin . Yield: 180m g(1.2% ). ‘H-NMR (400 MHz, CDC13) 
6: 9.02 (d, 4H, pyridyl, J  = 5.60 Hz), 8.94 (d, 4H, /¡-pyrrole, J  
=  4.79 Hz), 8.79 (d, 4H, /9-pyrrole, J =  4.80 Hz), 8.17 (d, 4H, 
pyridyl, 5.79 Hz), 8.10 (d, 4H, phenyl. J =  8.47 Hz), 7.29 (d, 4H, 
phenyl, J =  8.56 Hz), 4.26 (t, 4H, OCH2, J =  6.49 Hz), 2 .01-1 .27  
(b, 56H, CHz). 0.88 (t, 6 H, CH3, J =  6.56 Hz), -2 .8 2  (s, 2H, NH). 
U V -v is  (CH2CI2) 1/nm, 419, 516, 552, 591, 648.
5 ,1 0 B is (4 p y r id y l)1 5 ,2 0 -b is(4 -(h e x a d e c y lo x y )p h e n y l)-  
p o rp h y rin . Yield: 4 1 0 mg (2.6%). 1H -N M R(400M H z,CD Cl3) 
<5: 9.02 (d, 4H, pyridyl, J  — 5.19 Hz), 8.94 (d, 2H, /¡-pyrrole, J  
=  4.76 Hz), 8.91 (s, 2H, (8-pyrrole), 8.82 (s, 2H, /¡-pyrrole), 8.78 
(d, 211,/¡-pyrrole. J =  4.74 Hz), 8.15 (d, 4H, pyridyl, J =  5.53 Hz),
8.09 (d, 4H, phenyl, J =  8.42 Hz), 7.27 (d, 4H, phenyl, J =  8.47 
Hz), 4.23 (t, 4H, OCH2, J =  6.47 Hz), 2 .01 -1 .19  (b, 56H, CH2),
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0.88 (t, 6H, CH3, J =  6.42 Hz), -2 .8 1  (s, 2H, NH). U V -v is (CH2- 
Cl2) A/nm, 420, 516, 552, 591, 647.
5.10.15-Tris(4-pyridyl)-20-(4-(hexadecyloxy)phenyl)por- 
p h yrin . Yield: 300 mg (2.5%). ‘H-NMR (90 MHz, CDC13) <5:
9.2 (m, 6 H, pyridyl, 2H, /3-pyrrole), 9.0 (s, 6 H, /¡-pyrrole), 8.3 (d, 
6 H, pyridyl), 8.2 (d, 2H, phenyl), 7.5 (d, 2H, phenyl), 4.3 (t, 2H, 
OCH2), 1 .3-1 .5  (b, 28H, CHZ), 0.8 (t, 3H, CH3), -2 .5  (b, 2H, NH). 
U V -v is  (CH2CI2) A/nm, 418, 514, 549, 589, 646.
5.10.15.20-T etrakis(4-pyridyl)porphyrin . Yield: 200 mg 
(2.3%). ’H-NMR (90 MHz, CDC13) d: 9.4 (d, 8 H, pyridyl), 9.2 (s, 
8 H, /3-pyrrole), 8.2 (d, 8H, pyridyl), -2 .5  (b, 2H, NH). U V -v is 
(CH2CI2) A/nm, 416, 513, 546, 588, 643.
5-(l-M eth y l-4 -p yrid y l)-10 ,15 ,20 -tr is(4 -(h exad ecy loxy)-  
ph en y l)p o rp h y r in  M o n o tosy la te  (2). U nder a  nitrogen 
atm osphere, 100 mg of 5-(4-pyridyl)-10,15,20-tris(4-(hexadecy- 
loxy)phenyl)porphyrin and  0.1 m L of m ethy l tosylate were 
dissolved in  10 mL of a  m ixture of to luene/acetonitrile (2/1, v/v). 
The reaction m ixture was s tirred  a t 80 °C for 16 h. After cooling 
to  room tem perature, th e  reaction m ixture w as poured over a 
glass filter filled w ith  silica. After w ashing w ith  50 mL of CH2- 
CI2, compound 2 was isolated by elution w ith  CHCij/MeOH, (9/1, 
v/v). Yield: 70 m g (61%) of 2 as a  purple powder. ‘H-NMR (90 
MHz, CDCI3) <5: 9.5 (b, 2H, pyridyl), 8 .8  (s, 8 H, /3-pyrrole), 8.6  
(b, 2H, pyridyl), 8.1 (d, 2H, tosylate), 7.9 (d, 6 H, phenyl), 7.3 (d, 
3H, tosylate), 7.1 (d, 6H, phenyl), 5.0 (s, 3H, NCH3), 4.2 (t, 6 H, 
OCH2), 2.2 (s, 3H, tosylate-CH3), 2 .1 -1 .1  (b, 84H, CH2), 0.9 (t, 
9H, CH 3), —2.5 (b, 2H, NH). FAB MS (m atrix, nitrobenzyl 
alcohol): m !z=  1352 (M-Tos). U V -v is  (CHCl3/EtOH, 3/7) A/nm 
(logte/M -i-cnr1)): 424 (5.7), 522 (4.5), 568 (4.5), 584 (4.4), 657 
(4.2).
5,10-B is(l-m ethyl-4-pyridyl)-15,20-bis(4-(hexadecyIoxy)- 
p h en y l)p o rp h y r in  d ito sy la te  (3). T his porphyrin was syn­
thesized s ta rtin g  from 5,10-bis(4-pyridyl)-15,20-bis(4-(hexade- 
cyloxy)phenyl)porphyrin, as described for 2 , except th a t  in th is 
case 0.2 mL of m ethyl tosylate w as used. Yield: 72 mg (54%) 
of 3 as a  purple powder. ’H-NMR (90 MHz, C D 3 O D /C D C I3 , 1/1) 
<5: 9.5 (d, 4H, pyridyl), 9.2 (d, 4H, pyridyl), 8.9 (s, 8 H,/3-pyrrole),
8.3 (d, 4H, phenyl), 7.6 (d, 4H, phenyl), 7.3 (d, 4H, tosylate), 7.1 
(d, 4H, tosylate), 4.9 (s, 9H, NCH3), 4.3 (t, 4H, OCH2), 2.2 (s, 6H, 
tosylate-CH 3), 1 .3 -1 .5  (b, 28H, CH2), 0.8 (t, 3H, CH3), -2 .5  (b, 
2H, NH). FAB MS (m atrix, nitrobenzyl alcohol): m !z = 1297 
(M-Tos). U V -v is  (DMF) A/nm, (log(e/M_1-cm-1)): 420 (5.0), 518 
(3.9), 552 (3.7), 588 (3.5), 646 (3.3).
5 .10 .15 -T ris(l-m ethyl-4-pyrid y l)-20-(4-(h exad ecyloxy)-  
p h en y l)p o rp h y r in  T r ito sy la te  (4). T his porphyrin was 
synthesized s ta rtin g  from 5,10,15-tris(4-pyridyl)-20-(4-(hexade- 
cyloxy)phenyl)porphyrin, as described for 2, except th a t  in th is 
case 0.3 mL of m ethyl tosylate w as used. Yield: 90 mg (55%) 
of 4 as a  purple powder. ‘H-NMR (90 MHz, CD3OD) 6: 9.5 (d, 
6 H, pyridyl),9.2 (d, 6H ,pyridy l),8.9 (s ,8 H,/3-pyrrole),8.3 (d, 2H, 
phenyl), 7.6 (d, 2H, phenyl), 7.3 (d, 6 H, tosylate), 7.1 (d, 6H, 
tosylate), 4.9 (s, 9H, NCH3), 4.3 (t, 2H, OCH2) , 2.2 (s, 9H, tosylate- 
CH3), 1 .3 -1 .5  (b, 28H, CH2), 0.8 (t, 3H, CH3), -2 .5  (b, 2H, NH). 
FAB MS (matrix, nitrobenzyl alcohol): m /z=  1246 (M-Tos). U V - 
vis (DMF) A/nm (logie/M"1-cm -1)): 418 (5.0), 522 (3.9), 552 (3.7), 
587 (3.5), 645 (3.3).
5.10.15 .20-T etrakis(l m eth y l-4 -p yrid y l)p orp h yrin  Tet- 
r a to sy la te  (5). This porphyrin was synthesized s ta rtin g  from
5,10,15,20-tetrakis(4-pyridyl)porphyrin, as described for 2, except 
th a t  in th is  case 0.6 mL of m ethyl tosylate was used  and th a t  the 
reaction was carried out in DMF as th e  solvent. Yield: 155 mg 
(71%) of 5 as a purple powder. ‘H-NMR (C D 3O D ) 6: 9.4 (d, 6H, 
pyridyl), 9.2 (s, 8 H, /3-pyrrole), 9.0 (d, 6 H, pyridyl), 7.6 (d, 6H, 
tosylate), 7.0 (d, 6H, tosylate), 4.9 (s, 12H, N C H 3 ), 2.2 (s, 12H, 
tosylate-CHs), —2.5 (b, 2H, NH). FAB MS (m atrix, nitrobenzyl 
alcohol): m lz  =  1020 (M — 2Tos). U V -v is  (MeOH) A/nm, 
(logfe/M -'-cnr1)): 424 (5.6), 515 (4.4), 551 (4.0), 590 (4.0), 644 
(3.5).
5.10.15.20-T etrakis(2,6-dipalm itoylphenyl)porphyrin (9).
To 25 mL of freshly distilled TH F was added under a  nitrogen 
atm osphere 200 mg (0.27 mmol) of 5,10,15,20-tetrakis(2,6- 
dihydroxyphenyl) porphyrin (8 ), 785 mg of palm itoyl chloride (2.85 
mmol), and 325 mg (2.66 mmol) of (dimethylamino)pyridine. After 
stirring  a t room tem perature  for 24 h, the  solvent was evaporated, 
dichlorom ethane w as added, and th e  organic layer w as w ashed 
twice w ith 2 N HC1 and w ith  sodium  hydrocarbonate. The 
dichlorom ethane solution was dried (N aSO J, filtered, and 
evaporated under reduced pressure. F u rth e r purification was 
achieved by column chrom atography on silica w ith chloroform/
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diethyl e th e r (10/1, v/v) as the  eluent. Yield: 90 m g (13%) of 9 
as a  purple powder. i?/(CHCls/Et2 0 , 10/1, v/v) = 0 .8 3 . 'H-NM R 
(CDCI3) 6: 8.9 (s, 8 H, /3-pyrrole), 9.0 (m, 12H, phenyl) 1.1—2.1 
(m, 224H, CH2), 1.0 (t, 24H, CH3), -2 .8  (b, 2H, NH). FAB MS 
(m atrix, nitrobenzyl alcohol): w lz =  2650 (M). UV-vis (CHCI3) 
A/nm, (log(e/M_1-cm-1)): 417 (5.5), 510 (4.3), 586 (3.7), 652 (3.3).
C op per  5,10,15,20-T e tra k is(2 ,6 -d ich lo ro p h en y l)p o r-  
p h y rin  (Cu-7). 5,10,15,20-Tetra(2,6-dichlorophenyl)porphyrin 
(120 mg, 0.14 mmol) and  120 mg (0.55 mmol) of Cu(0 Ac)2-2 H 2 0  
w ere dissolved in 25 mL of DMF and  refluxed u n til a ll free-base 
porphyrin  w as consum ed (2.5 h, followed by UV—vis). After 
cooling to room tem p era tu re  th e  reaction m ixture w as poured 
into w a ter and  ex tracted  w ith 30 mL of CH 2CI2. The organic 
layer w as w ashed twice w ith 50 mL of 5 w t % aqueous sodium  
carbonate  solution. The organic layer was d ried  (Na2SO.i), 
concentrated  in  vacuo, and  subjected to column chrom atography 
(silica, e luent MeOH/CHCl3, 1/ 1 0 , v/v). Yield: 99 mg (91%) of 
Cu-7 as a  purple powder. FAB MS (m atrix, nitrobenzyl 
alcohol): m /z=  951 (M). U V -vis (CHC13) A/nm(log(€/M- 1-cm-1)): 
415 (5.6), 540 (4.2), 576 (3.6).
V esic le  P reparation . Aliquots of stock solutions of porphyrin 
and  surfactan t, calculated to give the  desired concentrations, 
w ere m ixed in a  te s t  tube. The solvent w as evaporated under 
a  s tream  of nitrogen to give a homogeneous th in  film of porphyrin 
and  su rfactan t. The film  was dissolved in 100 fiL  of ethanol/ 
TH F (1/2, v/v). In  th e  case of DODAC as surfactan t, 50 /¿L of the  
solution was injected into 5 mL of w ater of 55 °C, while vortexing. 
In  th e  case of DHP, th e  50 /iL  solution w as injected into 5 mL 
of T ris buffer solution (75 °C), which consisted of a  20 mM Tris 
solution adjusted  to pH 7.8 w ith hydrochloric acid.
In co rp o ra tio n  E xp erim en ts. The incorporation efficiency 
w as m easured  by gel perm eation chrom atography (GPC) in 
combination w ith fluorescence and UV—vis spectroscopy. Vesicle 
solutions p repared  as described above (R  =  1000, [porphyrin] =  
1 x 10 -6  M) were passed over a  Sephadex G50 column w ith w ater 
(in th e  case of DODAC vesicles) o r 20 mM T ris buffer (pH =  7.0, 
DH P vesicles) as th e  eluents. The fractions were collected and 
th e  fluorescence in tensity  and th e  absorption spectrum  were 
m easured  to calculate th e  porphyrin and am phiphile concentra­
tions.
F lu o re sc en ce  M easu rem en ts. Quenching experim ents 
w ere carried  ou t w ith  a  therm osta ted  cuvette a t 75 an d  65 °C for 
DHP and  DODAC vesicles, respectively. For th e  self-quenching 
experim ents, sam ples were prepared  w ith different [amphiphile]/ 
[porphyrin] ra tios (Rj. The concentration of th e  porphyrins was 
1 x 10-6 M in all cases. The porphyrin B-band w as chosen as 
excitation w avelength (Table 1, h ighest R  value). Quenching of 
th e  fluorescence w ith hydrophilic quenchers w as studied  by 
titra tin g  0.8 mL of a  vesicle solution {R  =  2000, [porphyrin] =  
1 x 10-6  M) w ith  5 fiL  aliquots of a 20 mM N al solution w hen 
using DODAC vesicles. Quenching titra tio n  experim ents w ith 
negatively charged vesicles w ere carried  out by adding 1 fiL  
aliquots of a  30 mM CunS04  solution to th e  vesicle solution. In 
th is  case, sodium  dihexadecyl phosphate (NaDHP) was used 
in stead  of p ro tonated  DHP because aggregates form ed by th is 
am phiphile  w ere found to  be stab le  against copper(II) sulfate. 
The fluorescence in tensity  was m easured  3 m in after each 
addition  of quencher and  the d a ta  were corrected for volume 
increm ents.
E lectro n  M icroscop y. For th e  visualization of th e  vesicles 
th e  negative s ta in ing  m ethod w as used. A droplet of a sam ple 
w as placed on a  carbon coated copper grid. The grids were first 
m ade hydrophilic by exposure to an  argon p lasm a for 2 m in. 
After allowing to adsorb on the  grids for 2 min, th e  solution w as 
dra ined  w ith filter paper and th e  sam ples were s ta in ed  w ith  an 
aqueous urany l ace ta te  solution (1 wt %) which w as removed 
a fte r 1 min.
F itt in g  o f  th e  Se lf-Q u en ch in g  C urves. The relation  
betw een th e  porphyrin  concentration in th e  bilayer and  th e  ra tio  
R  is as follows
[porphyrin] total =  (1 /R) [am phiphile] tota, (1)
w here th e  concentrations are re la ted  to  th e  aqueous bulk. For 
th e  m olar am ount of porphyrin an d  the  volume of th e  bilayer, 
th e  following relationships hold
m oles of p o rp h y rin  =  Ktotal [porphyrin] totai (2)
^bilayer a K o ta l[a m P h i P h i l e ] total (3)
w here a  is th e  m olar volume of th e  am phiphile and  Kotai is th e  
volume of th e  solution.
, . . m oles of p o rp h y rin  
[porphyrin] bUayer = ---------- v  -----=
^bilayer
Kotai [porphyrin] total _  \ 
a  Kotai [am phiphile] totai a R
E quation  4 gives th e  relationship  betw een th e  porphyrin 
concentration in th e  bilayer and  the  ra tio  R. The fluorescence 
curves could be fitted  by assum ing th e  following equilibrium
nM  A w ith  K a =  [A]/[M]n (5)
in  w hich n  is th e  aggregation num ber, M is th e  monomeric 
porphyrin, and A is the  aggregate which is built up of n monomers. 
K„ is th e  association constant. For th e  to ta l porphyrin concen­
tra tio n  [porphyrin]biiayer we can write
[porphyrin] bllayer =  [M] +  n[A] =  [M] +  nK a[M]" (6 )
If we assum e th a t  only monomeric porphyrins display fluores­
cence, we can write:
[M] =  XV F  (7)
w here F  is th e  fluorescence in tensity  and  W is th e  in strum en t 
factor. This factor only depends upon th e  tem pera tu re  and the  
in strum en t used b u t is constant during a  series of m easurem ents. 
If we combine eqs 5, 6 , and 7, we can write
[porphyrin] b ilay er =  '¡’F  + nKs['VF]n (8 )
This re la tion  enables us to determ ine the  aggregation num ber 
and  th e  association constant from our fluorescence data. F e a n  
be su b stitu ted  by F/aR  in form ula 8 . This substitu tion  of F  
enables comparison of th e  data, since th is corrected fluorescence 
in tensity  is now rela ted  to th e  sam e volume of th e  bilayer. For 
th e  m olar volume of both DODAC and DHP a concentration of 
1.1 L/mol was tak e n .8
E PR  M easurem ents. Vesicle dispersions (5 mL) of DHP or 
DODAC (5 mM) containing Cu-7 (125 nM) were p repared  by th e  
modified e thanol injection m ethod. These dispersions were dried 
on a  M ylar film in a  desiccator over sodium hydroxide or 
phosphorus pentoxide. The resu lting  films were carefully cut 
into 3 x 1 5  mm strips. Approximately 15 to 25 strips were stacked 
on a  q u artz  rod and fixed w ith Sellotape. This rod was 
subsequently  placed in the  EPR spectrom eter. The angle could 
be se t by a  goniometer.
R esults
Incorporation. E ffic ie n t in c o rp o ra tio n  o f p o rp h y r in s  
in  b i la y e rs  o f D O D A C  c a n  u s u a lly  b e  a c h ie v e d  by  th e  
e th a n o l  in je c tio n  m e th o d .8 T h is  m e th o d  w a s  a lso  u se d  fo r 
o u r  p o rp h y rin s . T h e  a c tu a l  in co rp o ra tio n  in to  th e  D O DAC 
a n d  D H P  b i la y e rs  w a s  c h eck ed  by  gel p e rm e a t io n  c h ro ­
m a to g ra p h y  (G PC ). T h e  G P C  e lu tio n  p ro file s  sh o w ed  th a t  
th e  e lu t io n  v o lu m e s  o f D H P  v e s ic le s  w ith  p o rp h y r in s  a r e  
th e  s a m e  a s  th o se  o f vesic les  w ith o u t p o rp h y rin s . S e p a ra te  
e x p e r im e n ts  re v e a le d  t h a t  n o n in c o rp o ra te d  p o rp h y r in s  
e lu te d  m u c h  s lo w e r o r  n o t  a t  a ll. In  th e  case  o f D O D A C  
v esic les , th e  s a m e  r e s u l t s  w e re  o b ta in e d . A ll p o rp h y r in s  
w e re  in c o rp o ra te d  q u a n ti ta t iv e ly ,  w i th  th e  e x ce p tio n  of 
p o rp h y r in  5, w h ic h  co u ld  n o t  be e ffic ie n tly  in c o rp o ra te d  
in  a  D O D A C  m e m b ra n e  (less t h a n  10% in c o rp o ra tio n  w a s  
d e te c te d  b y  U V —v is  sp e c tro sco p y ). E le c tro n  m ic ro g ra p h s  
o f th e  e lu te d  d isp e rs io n s  sh o w ed  t h a t  c losed  sp h e r ic a l  
v e s ic le s  w e re  p re s e n t .  T h e  a v e ra g e  d ia m e te r  o f th e  
D O D A C  a n d  D H P  v e s ic le s  c o n ta in in g  th e  p o rp h y r in s  w a s  
40 0 0  A. T h is  d ia m e te r  w a s  th e  s a m e  fo r v e s ic le s  w i th o u t  
p o rp h y r in s .
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T able 1. Spectroscop ic D ata o f  P orphyrins in  DODAC 
and DHP B iiayers
porphyrin,
amphiphile R
B band 
(Amax, nm) fluorescence (lmax, nm)
1, DODAC3 2000 421* 652 717
200 402, 436
DHP 2000 420 660 720
200 400-440
2, DODAC3 2 000 426 660 720
200 424
DHP 2000 427 666 723
200 427
3, DODAC 2000 424 660 715
200 422
DHP 2 000 427 665 716
200 427
4, DODAC 2000 423 660 714
200 422
DHP 2 000 427 663 c
200 427
5, DODAC 2000 424 650 700
200 422
DHP 2000 427 660 718
200 427
6 , DODAC3 2000 418 652 717
200 420
7, DODAC 8000 426 655 715
50 444
8 , DODAC 8000 417 655 712
50 428
9, DODAC 8000 417 660 714
50 424
3 D ata taken from ref 8 . b B band of 1 In hexane, 
dichloromethane, Xmax =  421 nm; pyridine, Amax =  425 
determined.
=  418 nm; 
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F ig u r e  1. Self-quenching of th e  fluorescence of 4 in DODAC 
(O) vesicles an d  D H P (•) vesicles. F0 is th e  fluorescence 
in ten sity  a t  R  =  4000.
Aggregation. In  T a b le  1 th e  s p e c tro sco p ic  d a ta  o f th e  
p o rp h y r in s  a t  tw o  l ip id /p o rp h y r in s  r a t io s  a r e  g iven . 
U p o n  g o in g  to  a  lo w er R on ly  th e  B b a n d  is  sh if te d , w h e re a s  
th e  Q b a n d s  o f a ll  t h e  p o rp h y r in s  r e m a in  u n c h a n g e d . T h e  
m o s t  l ik e ly  e x p la n a tio n  fo r t h is  b e h a v io r  is  t h a t  th e  
p o rp h y r in s  te n d  to  a g g re g a te  a s  th e  l ip id /p o rp h y r in  ra tio  
d e c re a s e s . W h e n  th e  p o rp h y r in s  a r e  a g g re g a te d , a  s tro n g  
e x c ito n  co u p lin g  w ill e x is t  w h ic h  c a n  c a u s e  a  s h if t  o f th e  
B -b a n d .20
F ig u re s  1 a n d  2 sh o w  e x a m p le s  o f  th e  e ffec t o f c h a n g in g  
th e  l ip id /p o rp h y r in  r a t io  on  th e  f lu o re sc e n c e  in te n s i ty ,  
w h ile  k e e p in g  th e  a m o u n t  o f p o rp h y r in  c o n s ta n t .  I n  th e  
c a s e  o f th e  c h a rg e d  p o rp h y r in s  th e  m o s t p ro n o u n c ed  
flu o re sce n ce  d iffe re n c e s  w e re  o b se rv e d  fo r 4  in  D O D A C  
a n d  D H P  v esic les . I n  th e  “p ic k e t-fe n c e ” s e r ie s  th e  m o st
(19) Richelli, F.; Jori, J. Photochem. Photobiol. 1986, 44, 151.
(20) Margalit, R.; Shaklai, N.; Cohen, S. Biochem. J. 1983, 209, 547.
0.8
È! fa 0.6
0.2
• •
» o
-- 1----- 1----- 1----- 1----- 1----- 1----- 1----- 1
0  500 1000 1500 2000 2500 3000 3500 4000
1 / R
F ig u r e  2. Self-quenching of th e  fluorescence of G (O) and  7 (•) 
in  DODAC vesicles. Fo is th e  fluorescence in ten sity  a t  R  =  
4000.
T able 2. A ggregation D ata for P orphyrins in  DODAC 
and DHP B ilayers
porphyrin,
amphiphile Ra rP K,c (M -d-'i)
1, DODAC 2000 9.2d 5.6 x 1028 d
DHP 2000
2, DODAC 300 2.8 1.4 x 104
DHP 150 2.7 3.1 x 104
3, DODAC 450 2.7 3.5 x 104
DHP 150 3.0 2.9 x 104
4, DODAC 600 4.4d 4.3 x 10u d
DHP 150 2.9 1.3 x 10“
5, DODAC 700 6.9d 5.2 x 1018 d
DHP 150 2.8 9.5 x 103
6 , DODAC 1500 6 .0d 1.0 x 1014d
7, DODAC 120 2 .0 6.5 x 103
8 , DODAC 1100 2.1 4.6 x 105
9, DODAC 270 3.2 2.2  x 104
3 Ratio where FqJF  =  2. 6 Aggregation number. c Association 
constant. d These values are inaccurate because the determination 
could not be carried out in the  range recommended29 for such high 
association constants due to problems with the fluorescence yield.
p ro n o u n c e d  d iffe re n ce s  w e re  fo u n d  b e tw e e n  6  a n d  7 in  
D O D A C  v e s ic le s  (F ig u re  2). W h e n  R  d e c re a s e s , th e  
flu o resce n ce  in te n s i ty  a t  a  c o n s ta n t  p o rp h y r in  c o n c e n tra ­
t io n  a lso  d e c re a se s , w h ic h  p o in ts  to  a g g re g a tio n  of th e  
p o r p h y r in s . 19 20 I n  T ab le  2 th e  l ip id /p o rp h y r in  r a t io s  a re  
g iv e n  a t  w h ic h  th e  f lu o resce n ce  in te n s i ty  is  h a l f  t h a t  of 
th e  p o rp h y r in s  in  th e  m o n o m e ric  fo rm , i.e ., th e  v a lu e  a t  
h ig h  l ip id /p o rp h y r in  ra tio .  I t  w a s  p o ss ib le  to  f i t  th e  
f lu o re sc e n c e  c u rv e s  w ith  th e  h e lp  o f fo rm u la  8  a n d  to  g e t 
v a lu e s  fo r th e  e q u il ib r iu m  c o n s ta n ts  a n d  th e  a g g re g a tio n  
n u m b e rs .  T h e  r e s u l ts  a re  lis te d  in  T ab le  2. T h e e s t im a te d  
e r r o r s  in  th e  a g g re g a tio n  n u m b e rs  a n d  th e  a s so c ia tio n  
c o n s ta n t  a r e  10% —50%.
Location. Q u e n c h e rs  c a n  g ive  in fo rm a tio n  a b o u t  th e  
lo ca tio n  o f p o rp h y rin s  in  b ila y e rs .22 F o r  q u e n c h in g  to  occur 
a  c lo se  c o n ta c t m u s t  e x is t  b e tw e e n  th e  c h ro m o p h o re  a n d  
th e  q u e n c h in g  co m p o u n d . H y d ro p h ilic  q u e n c h e rs  w ill 
d e te c t  p o rp h y r in s  t h a t  a r e  lo c a te d  a t  th e  w a te r —b ila y e r  
in te r fa c e .  P o rp h y r in s  w h ic h  a r e  lo c a te d  in  th e  in n e r  p a r t  
o f th e  m e m b ra n e  w ill n o t b e  q u e n ch e d  b y  th e s e  com pounds. 
W e u s e d  io d id e  io n s  a s  q u e n c h e rs  in  th e  c ase  o f D O D A C  
v esic le s , b e c a u se  th e s e  io n s  w ill a d so rb  s tro n g ly  to  th e  
q u a te r n a r y  a m m o n iu m  g ro u p s  o f th e s e  a g g re g a te s .  In  
th e  c a se  o f D H P  vesic les , w e  u se d  c o p p e r io n s . T h e  
q u e n c h in g  e x p e r im e n ts  w e re  c a r r ie d  o u t  a b o v e  t h e  p h a se
(21) Kasha, R.; Rawls, H. R.; AsrafEl-Bayoumi.M. PureAppl. Chem. 
1965, 11, 371.
(22) Radda, G. K.; Vanderkooi, J. Biochim. Biophys. Acta 1972, 265.
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T able 3. S tern—Volm er Q uenching C onstants (Xsv) for 
V arious C om binations o f  P orphyrins and H ydrophilic  
Q uenchers in  DODAC and DH P V esic les
porphyrin Nal/DODAC Ksv (M-1) CunSC>4/DHP Ksv (M~l)
1 478
2 4570 4142
3 10700 4020
4 4420 3410
5 2100 4986
6 430a
7 80
8 -581*
9 17
“ D ata taken from ref 8 . 6 S tern-V olm er constants m easured in 
C H C I3 and MeOH am ount to -4 0  and 230, respectively.
( A)
— ---------------------
F ig u r e  3. E PR  sp ec tra  of C u -7  in  D H P b ilayers (R  =  200) 
m easu red  a t two d ifferen t o rien ta tio n s (see tex t) ; (A) m agnetic  
field p a ralle l to th e  bilayer norm al; (B) m agnetic  field perpen­
d icu lar to th e  b ilayer norm al.
transition tem perature of the vesicles. Linear S tern— 
Volmer plots were obtained up to a quencher concentration 
of 10% of the amphiphile concentration. The obtained 
Stern—Volmer constants are given in Table 3. These 
constants are not corrected for partition of the quencher 
between the aqueous phase and the vesicle phase nor for 
the possibilities th a t vesicle fusion occurs or tha t osmotic 
effects induced by the quenchers take place.28
O rientation. The orientation of the porphyrins in the 
DHP and DODAC bilayers was investigated by EPR 
spectroscopy using the copper (I I) derivate of porphyrin 7 
as the model compound. Aligned bilayers were obtained 
by allowing a vesicular solution of Cu-7 to dry on a flat 
support, i.e., Mylar.23 These so-called “cast bilayers” are 
regulary stacked with the porphyrin planes parallel to 
the surface. The square planar porphyrin ligand around 
the copper(II) nucleus gives rise to a strong anisotropy of 
both the g-tensors and the ACu tensors. Incorporation in 
oriented bilayers and subsequent measurements of EPR 
spectra a t various angles between the bilayer and the 
magnetic field gives information about the orientation of 
the porphyrin.24'25 The orientation-dependent EPR spec­
tra  (Figure 3) were measured a t angles of a  = 0° and a  
=  90° (a is the angle between the bilayer normal and the 
magnetic field). In order to describe this orientation, a 
coordinate system was defined as discussed previously.8 
At a  =  0°, a spectrum with four lines (4iCu =  210 G, gen 
=  2.201 =  gh and at a  =  90° a spectrum with one line (gen 
=  2.061 =  g±) was measured. The EPR spectrum of Cu-7 
in a frozen CHCI3 glass was also recorded (g± =  2.066, g\
(23) Nashima, N.; Ando, R.; Kunitake, T. Chem. Lett. 1983, 1577.
(24) Ishikawa, Y.; Kunitake, T. J. Am. Chem. Soc. 1991, 113, 612.
(25) Michalli, S.; Hugerat, M.; Levanon, H.; Bemitz, M.; Natt, A.; 
Neumann, R. J. Am. Chem. Soc. 1992, 114, 3612.
= 2.191 and yl||Cu/G =  207, Al was not resolved). This 
powder spectrum did not reveal any nitrogen hyperfine 
splitting which can be attributed to dipolar broadening, 
a phenomenon tha t can occur when two copper nuclei are 
as far apart as 20 A .26-27
D iscussion
Our incorporation experiments show that all porphyrins 
can successfully be incorporated in both DODAC and DHP 
vesicles, except 5 which cannot be anchored to DODAC 
vesicles. This latter behavior can be attributed to the 
fact that the four positively charged pyridyl groups of 5 
prefer to be located in water rather than in the hydrophobic 
bilayer. In the case of DHP, this positively charged 
porphyrin probably is strongly adsorbed to the negatively 
charged surface of the vesicles. The measured diameter 
of 4000 A is typical for vesicles prepared by the injection 
method and this diameter remains unaffected after 
incorporation of the porphyrins.14
At high amphiphile/porphyrin ratios (R), the porphyrins 
are not aggregated in the bilayers, as can be concluded 
from the fact tha t the fluorescence of these molecules is 
not quenched under these conditions (Figures 1 and 2). 
In the charged porphyrins series (1—5), going to low R  
values, aggregation is reduced if one or more charged 
pyridyl groups are introduced (see Table 2, aggregation 
numbers and association constants for 1 versus 2—5). The 
self-quenching curves of the positively charged porphyrins 
show th a t in DODAC vesicles aggregation increases when 
the number of charges on the porphyrin unit becomes 
larger. This contrasts with the behavior of these por­
phyrins in DHP vesicles. In the latter negatively charged 
systems the aggregation decreases when going from 
porphyrin 2 to 5. This trend is, however, less pronounced 
than the increase in aggregation observed for DODAC 
vesicles. These observations are in line with the am­
phiphile/porphyrin ratios (R) where F0/F  =  2 (Table 2). 
These ratios {Rj remain almost the same in DHP vesicles 
but increase in the case of DODAC vesicles when going 
from porphyrin 2 to 5. The behavior of the charged 
porphyrins in DHP vesicles can be explained in terms of 
electrostatic interactions between the porphyrins and the 
lipids. For this reason, the porphyrin with the greatest 
number of charged pyridyl groups is expected to have the 
lowest association constant, as borne out by the results 
(Table 2). In the case of DODAC vesicles electrostatic 
interactions play a less pronounced role and other factors 
become important. In these vesicles the aggregation 
increases when the number of tails decreases. Langmuir— 
Blodgett films formed by our amphiphilic porphyrins also 
show such behavior.28 In these monolayers the organiza­
tion of the porphyrins is largely determined by the balance 
between jr—n  interactions, the interaction of the hydro­
philic head groups with the aqueous surface, and the 
sterical repulsion between the hydrocarbon chains. These 
factors apparently also play a role in our systems.
The absorption spectra of the porphyrins change when 
the ratio between porphyrin and amphiphile is varied. 
These changes can be interpreted by the exciton model 
developed by Kasha.21 This theory predicts in a qualitative 
way the interactions between localized transition dipole 
moments. These interactions can cause a splitting of 
absorption bands. For an  aggregate, the transition energy 
(£) is related to the energy of the monomer (-Emonomer)
(26) Smith, T. D.; Pilbrow, J. R. Coord. Chem. Rev. 1974, 13, 173.
(27) Palmer, G. Biochem. Soc. Trans. 1985, 548.
(28) Kroon, J. M.; Sudholter, E. J. R.; Schenning, A. P. H. J.; Nolte, 
R. J. M. Langmuir 1995, 11, 214.
(29) Carta, G.; Crisponi, G. J. Chem. Soc., Perkin Trans. 21982, 53.
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Figure 4. (A) Possible arrangements of porphyrins in ag­
gregates. Definition of ai and a.2 , the angles between the axis 
through the porphyrin centers and the two transition dipole 
moments. (B) Face-to-face type aggregate (ai = az = jt/2, blue 
shift of B-band). (C) Head-to-tail type aggregate (ai = a2 = jr/4, 
red shift of B-band). (D) Edge-to-edge type aggregate (ai = 0, 
a.2 = jt/2, splitting of B-band).
according to the following equation:
E =  ^monomer + D±€ (9)
where D  is the dispersion energy and e is the exciton 
splitting. For TVcofacially arranged chromophores, e is 
related to the transition dipole moment (M), the center to 
center distance of these chromophores (R) and the angle 
a  between the center to center vector and the transition 
moment
e =  [2 (TV — 1/AO (A///?3) (1 -  3 cos2 a)] (10)
One of the two transitions is symmetry forbidden which 
usually results in only one absorption band. In porphyrins, 
however, the excited state is 2-fold degenerated with two 
dipole moments aligned a t an  angle of 90° along the axis 
through the pyrrole nitrogens a t opposite positions in the 
porphyrin molecule. The absorption spectra of the por­
phyrins can therefore be explained in terms of the 
displacement of the molecules in aggregates along these 
axes (Figure 4). Porphyrin 1 displays the same behavior 
in DHP and DODAC vesicles.8 The splitting of its B band 
suggests th a t edge to edge type aggregates are formed. 
The charged porphyrins show small blue shifts of the B 
band upon aggregation in DODAC vesicles, which indi­
cates tha t “face to face” aggregates are present. This 
means tha t electrostatic repulsion between the positively 
charged porphyrins plays a less important role in the 
aggregate. The B band becomes red shifted upon going 
from DODAC to DHP vesicles. This suggests an elec­
trostatic interaction between the cationic porphyrins and 
the anionic DHP amphiphiles.12
The “picket-fence" porphyrins were only studied in 
DODAC vesicles. The aggregation of these molecules 
increases in the order 7 > 9 > 8 > 6, which implies that 
the substituents on the “picket-fence” porphyrins reduce 
aggregation. Acylation of 8 to give porphyrin 9 results in 
a decrease in aggregation number. The presence of 
intermolecular hydrogen bonds (see below) can be an 
explanation for the fact tha t 8 aggregates more strongly 
than 9. Porphyrin 7 results in a decrease in aggregation 
number. The presence of intermolecular hydrogen bonds 
(see below) can be an explanation for the fact that 8 
aggregates more strongly than  9. Porphyrin 7 was found 
to have the lowest aggregation number (R  =  120 where 
FJF  =  2) of all nine porphyrins. All “picket-fence” 
porphyrins showed a red shift of the B band with 
decreasing amphiphile/porphyrin ratio (R), which accord­
ing to the exciton theory suggests tha t “head to tail” type 
aggregates are formed. For sterical reasons the porphy­
rins probably cannot form face to face type aggregates. 
The red shift is the largest for 7 which indicates that the 
porphyrin molecules in this aggregate have a strong 
interaction energy.
The Stern—Volmer quenching constants measured for 
our porphyrins show that the location of these molecules 
in the bilayers depends on the nature of the substituents 
on the porphyrin rings. The general trend is tha t the 
porphyrins move to a region in the bilayer tha t is 
compatible with their polarity. The charged porphyrins 
are located near the interface (highest S tern—Volmer 
quenching constant) whereas the porphyrins without 
hydrophilic substituents are situated more in the inner 
part of the bilayer. The location of the la tter porphyrins 
probably is between the bilayer center and the interface, 
as can be concluded from the fact tha t the absorption 
maximum of the B band of porphyrin 1 in the bilayers is 
almost the same as that in a solvent of intermediate 
polarity, i.e., dichloromethane (Table 1, footnote b). 
Similar effects were also found in the case of the other 
uncharged porphyrins. The negative S tern—Volmer 
constant measured for 8 can be explained in terms of the 
presence of hydrogen bonds which results in the formation 
of nonfluorescent aggregates. In methanol, 8 is not 
aggregated and a normal S tem —Volmer constant is found. 
In chloroform intermolecular hydrogen bonds between the 
porphyrins are possible and aggregates are present. Upon 
the addition of iodide ions these interactions break down 
resulting in an increase in fluorescence. This effect is 
probably stronger than  the quenching. The negative 
quenching value in DODAC vesicles can be caused by the 
same behavior as found in chloroform. The strong effect 
of iodide on the fluorescence of 8 suggests that this 
porphyrin is located near the interface.
Porphyrin 7 gives typical EPR spectra for a porphyrin 
with a orientation perpendicular to the bilayer normal. It 
is interesting that for DHP and DODAC amphiphiles well- 
defined bilayers could be obtained in contrast with earlier 
findings.8 The orientation of porphyrin 7 in DODAC is 
different from th a t found for porphyrin 6 (a =  30°). An 
explanation for this result can be tha t 6 (R = 200; 85% 
aggregated, i f = l  x 10H) aggregates more strongly than 
7 (R =  200; <40% aggregated, K =  6.5 x 103). So for 6 
the orientation of a porphyrin aggregate is measured, 
whereas in the case of 7 it is for a porphyrin monomer.
Considering the aggregation and location properties, 
porphyrin 7 is probably the most promising candidate to 
study as a catalyst in cytochrome P450 mimics. This 
porphyrin could give the highest catalytic efficiency 
because the aggregation of this porphyrin in  the bilayer 
is strongly reduced, due to the ortho substituents on the 
phenyl ring. The location of 7 in the hydrophobic part of 
the bilayer is analogous to the environment of the catalytic 
center found in the natural system.
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